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Introduction
As snow and ice respond rapidly to slight variations in precipitation and temperature (Nesje and Dahl, 2000; Carrivick and Brewer, 2004; López-Moreno and Vicente-Serrano, 2007) , the cryosphere is the most sensitive element of the Earth System to climate change (Marty, 2008) . Focusing on snow, many studies have attempted to assess the distribution and magnitude of seasonal snowpack under a warmer climate. This is an important investigation because snow cover exerts a strong control over ecology, agriculture, the availability of water resources, the operation of a diverse range of economic activities, and associated risks in mountainous and high-latitude regions (Beniston, 1997; Barnett et al., 2005) .
With the exception of some areas for which climate models project increasing precipitation (i.e., areas located at very highlatitudes, where increased snow is expected; Räisanen, 2008) , most previous studies highlight the likelihood over the coming decades of a sharp decrease in accumulated snow, shortening of the snow cover season, and a decreasing and earlier spring freshet (Rasmus et al., 2004; Dankers and Christensen, 2005; Merritt et al., 2006; Hantel and Hirtl-Wielke, 2007; Mellander et al., 2007) .
Despite the overall similarity of previous findings, it is evident that further research is required on this topic to obtain a more complete picture of the global-scale impacts of climate change, as many mountain sectors remain poorly studied. Moreover, new methodological approaches and case studies are needed to address the high degree of topographic heterogeneity in mountainous areas and the generally sparse nature of meteorological data available for such regions, as these factors make it difficult to handle spatial variability and they enhance the level of uncertainty in assessments of climate change compared with studies that focus on flat regions (López-Moreno et al., 2008a) .
This study aims to evaluate the potential impact of climate change on snowpack across the Pyrenees, a mountain range running in the northeast of the Iberian Peninsula. The focus is on changes in total accumulated snow water equivalent (ASWE) and duration of snowpack at the surface (DSP). Changes will be assessed by comparing snowpack simulations for the control period ) and these of two contrasted greenhouse emission scenarios for the period . Special attention will be paid to detect spatial variability in the magnitude of the change in both: horizontal variability and altitudinal gradients.
In addition to important ecological factors that depend on snowpack variability, climate change in this region could have important socio-economic implications, mainly due to: (i) the importance of snowmelt for the availability and management of water resources in the semiarid and highly populated Ebro Valley (López-Moreno and García-Ruiz, 2004) , and (ii) the high dependence of the regional economy on winter tourism, which represents one of the main revenue streams for the region (Lasanta et al., 2007) . López-Moreno et al. (2008a) highlighted the likelihood of important shifts in precipitation and temperature within the Pyrenees over the coming decades. The authors also used a surface energy balance model (SEBM) to simulate the snow surface at a single location under current and projected future climatic conditions. Results showed the marked sensitivity of Pyrenean snowpack duration and thickness to shifts in temperature, precipitation, and solar radiation (López-Moreno et al., 2008b) . As one of the most important drivers of the SEBM was found to be temperature, and the nine different Regional Climate Models (RCMs) used in the study indicated a marked spatial variability across the Pyrenees in the evolution of precipitation, it was assumed that changes in snowpack under future climatic conditions will be subject to strong vertical gradients and show contrasting magnitudes across north-south and Mediterranean-Atlantic transects.
In this study, the lack of long-term detailed meteorological records for the region prevented the use of approaches commonly employed for snow studies based on comparisons of simulated snowpack with available meteorological records, with further simulations using modified series yielding projected future conditions; in other words, perturbing the observations using the so-called delta method (e.g., Mellander et al., 2007; López-Moreno et al., 2008b; Uhlmann et al., 2009 ). The use of snow water equivalent (SWE) provided by GCMs or by RCMs outputs, or these by a SEBM driven by outputs generated by the latter is also made difficult because their spatial resolution is too coarse (latitude/longitude resolution generally coarser than 0.44°) to capture the heterogeneity of rugged mountainous terrain.
To address these limitations in the present study, the seasonal evolution of snowpack is simulated at 20 individual points covering the entire Pyrenees, each of them representing average conditions over a surface area typical of a RCM employed during the EU PRUDENCE project, 50 km 2 (Christensen et al., 2002) . Snowpack series are simulated by running a SEBM model (GRENBLS, with climatic inputs provided by the HIRHAM Regional Climate Model (Christensen et al., 1998) for both the control situation and future (2070-2100) scenarios. Prior to the analysis, climatic variables are spatially downscaled for four altitudinal levels, i.e., 1500, 2000, 2500, and 3000 m a.s.l., and daily series are disaggregated into hourly data.
The following sections present and describe the procedures and assumptions adopted in downscaling the climatic data and obtaining hourly data from daily series, consider the reliability of HIR-HAM data and snow-derived series, and outline the projected changes in snowpack for the region during the 21st century.
Study area
The study area includes both the French and Spanish sides of the Pyrenees, and is bounded by the Mediterranean Sea to the east and the Atlantic Ocean to the west ( The climate of the Pyrenees is subject to an eastward transition from Atlantic to Mediterranean conditions. Moreover, macro-relief introduces a noticeable variability to the distributions of precipitation and temperature. The Foehn effect is frequently observed in the area, wet air masses are lifted up in northern slopes leading to drier and warmer conditions southward, a process that enhances noticeably the differences in precipitation between the northern and southern slopes, and imposing higher temperatures on the southern side. In the Central Ebro Depression, the average annual precipitation is approximately 300 mm and the average annual temperature is 13-15°C. In the mountains themselves, annual precipitation exceeds 600 mm, reaching 2000 mm at the highest divides. Most of the annual precipitation falls during the cold season (December-March) in the Atlantic areas and during spring and autumn (April-June and September-November, respectively) in the Mediterranean regions. Summers are generally relatively dry in the Pyrenees, and are very dry in the Ebro Depression.
Various thermal gradients have been proposed by a number of authors. For the entire Pyrenean range, García-Ruiz et al. (1986) estimated an altitudinal gradient of 0.6°C/100 m, and López-Moreno (2006) calculated a gradient of 0.63°C/100 m. Based on these gradients, the annual 0°C isotherm is confined to around Fig. 1 . Map of the study area. Crosses indicate the grid points of the HIRHAM model used to simulate snowpack. 2900 m (Chueca-Cía et al., 2003) . Between November and April, the 0°C isotherm is located at approximately 1600-1700 m a.s.l. (García-Ruiz et al., 1986) , representing the level above which snow accumulates over a long period.
Data and experimental setup

Snow model
In this study we used a SEBM including an explicit representation of the snowpack computed on the basis of a snow module of an intermediate complexity such as that included in GCMs and in RCMs. This SEBM is termed GRENBLS (Ground Energy Balance for natural Surfaces), driven by hourly atmospheric data. Previous studies have demonstrated genuine skill in reproducing many aspects of the energy fluxes and evolution of alpine snowpacks Uhlmann et al., 2009 ). The later references provide a full description of the model characteristics. The application of GRENBLS and the obtained error estimators for simulating snowpack in the Pyrenees can be found in López-Moreno et al. (2008b) .
A number of different numerical modeling approaches have been employed for the simulation of snow cover, ranging from simplified degree-day melt models (e.g., Anderson, 1973) , to single (e.g., Outcalt et al., 1975) and multi-layer (e.g., Anderson, 1976; Brun et al., 1989; Tuteja and Cunnane, 1997) energy balance models. An evaluation of snow models undertaken as part of the Snow Model Intercomparison Project (SnowMIP) revealed that singlelayer models are able to provide adequate representations of SWE over a range of snow cover climates (Etchevers et al., 2003) , providing realistic results even when compared with relatively complex multi-layer models (e.g., Brown et al., 2006) .
GRENBLS is a physically-based model driven by hourly input data of screen air temperature, T a (K), dew point temperature, T d (K), anemometer-level wind magnitude, W s (m s À1 ), precipitation, P (mm s À1 ), surface pressure, p sfc (hPa), and incident solar radiation (K;). The model was ran considering an explicit underlying multilayer soil (of ''medium-coarse texture") of 1 m depth covered at the surface by 70% of low vegetation (snow mask of 3 cm), 30% of bare soil, and a distinct snow layer. The model computes the radiative fluxes from cloudiness data and the surface turbulent sensible and latent fluxes. The bulk heat and moisture transfer coefficients are parameterized according to Benoît (1977) based on the Monin-Obukov similarity theory. Surface temperature, soil moisture, and snow mass are prognostic variables. The energy budget also considers the energy change associated with the melting of frozen soil moisture and snow. The temperature of the snowpack is computed in a prognostic manner via heat storage using a force-restore method (e.g., Stull 1988, chapter 7; McFarlane et al., 1992) . Precipitation is considered as solid if T a is less than that of the triple point of water. Liquid precipitation on a snowpack induces snowmelt, and the melt water enters directly into the soil in liquid form. Snow is modeled as an evolving one-layer pack characterized by temperature T snow (K), mass M snow (kg m À2 ), and density q snow (kg m À3 ). The surface energy budget is computed over the snow cover at each model time step. The radiative and turbulent fluxes are computed first, followed by heat storage in the snowpack; if the latter value is positive and the snow temperature is below the melting point, the excess energy is first used to raise the temperature of the pack. Once the temperature reaches the melting point, any additional excess energy is the used to melt the snow. The age effect of the snow on snow density has been adopted following the ideas of Verseghy (1991) . The snow density of the bulk snow layer increases exponentially with time from the fresh-fallen snow value, q snow,min = 100 kg m À3 , to a maximum of q snow,max = 300 kg m À3 . In a similar manner, changes in snow albedo that accompany snow aging are parameterized as a time-decay function from an initial fresh snow albedo of 0.80. Freshly-fallen snow has a fixed density of 100 kg m
À3
. In a similar manner, changes in snow albedo that accompany snow aging are parameterized as a time-decay function from an initial fresh snow albedo of 0.80.
GRENBLS also incorporates total cloudiness as an input parameter (herein referred to as ''C"). If solar radiation is prescribed from observations, cloudiness influences only the downward infrared thermal radiation at the surface; otherwise clouds contribute to deplete downward solar radiation by decreasing the direct and increasing the overall diffuse solar flux. Clouds influence the intensity of the direct and diffuse downward solar and infrared radiation at the surface. Under clear sky, solar radiation received at the surface, K o ;, is computed as a function of the eccentricity of the Earth's orbit around the sun, the cosine of the zenith angle, the latter is determined on the basis of the latitude of the station, the solar declination, and the hour angle, and on a transmissivity function. The Rayleigh and Mie diffusion processes are also considered. Under cloudy sky, the solar radiation is further depleted and the parameterization is implemented according to the ideas of Nunez et al. (1971) . This considers low-, mid-and high-level cloud amounts. Two effects are considered: (1) the attenuation of the downward solar radiation by reflection and by dispersion processes and, (2) the downward reflection of the fraction of the solar radiation once reflected by the ground. The total cloud transmittance, W C , assuming a uniform cloudiness in each layer, is given by the product of the layer transmittance. The transmissivity of the ith layer of clouds is then given by:
where the ith layer contains a fraction C i of clouds of transmittance t i . Consequently, the global solar radiation reaching the surface, K;, is parameterized as follows:
where a is the surface albedo and a C the cloud-base albedo, and C is the sum of low-, mid-, and high-level cloud amounts.
At temperatures characteristic of the Earth's surface, about 70% of the energy in the black-body spectrum lies outside the waveband of the atmospheric window (8-14 lm), whereas the atmosphere neither absorbs nor radiates those wavebands within the window. At all other wavelengths, the atmosphere is considered to behave as a black-body. Hence, 70% of the outgoing longwave radiation is absorbed and re-radiated downwards at wavelengths outside of the window; that is, the atmospheric emissivity 
where 0 6 C 6 1. and future climate (2070-2100) data were obtained from the outputs of the Danish Meteorological Institute (DMI) HIRHAM RCM. This RCM was used for a dynamical downscaling of the Atmosphere-Ocean General Circulation Model (AOGCM) HadAM3H for the European continent to a spatial resolution of 0.5°latitude/longitude, i.e., roughly 50 km (Christensen et al., 1998) . RCM outputs are made available on a daily basis, available for download from the Web site of the EU-PRUDENCE project: http://prudence.dmi.dk. The present study required information on maximum temperature (T max ), minimum temperature (T min ), precipitation (P), dew point temperature (T d ), atmospheric surface pressure (p sfc ), wind speed (W s ), and cloudiness (C). Incident solar radiation is computed in combination with the cloud data.
Input data scaling
Control
The models were run for a control period and two contrasting future scenarios (2070-2100) of greenhouse gas emissions (SRES A2 and B2) based on different hypotheses defined by the Intergovernmental Panel for Climate Change (IPCC, 2007; Nakicenovic et al., 1998) related to economic and demographic behavior by 2100. B2 describes a world in which the emphasis is on local solutions to economic, social, and environmental sustainability, in a world where global population increases continuously (at a rate lower than that in A2) and with intermediate levels of economic development. A2 is characterized by much higher emissions of greenhouse gases, and provides a closer match with future trends based on gas concentrations measured over the past decade (IPCC, 2007) .
The degree of reliability in reproducing observed climate in the Pyrenees during the control period was assessed for six different RCMs that belong to the PRUDENCE dataset. The analysis revealed that the HIRHAM RCM provides one of the most reliable simulations for temperature and precipitation throughout the year. Biases compared with observed data lie within 1°C for temperature (0.26°C and 0.71°C for maximum and minimum winter -December-February -and 0.1°C and 0.7°C for spring -March-May -temperatures, respectively) and 20% for precipitation (10% and 17% for winter and spring temperature, respectively). These values are in line with the errors found for Europe in previous quality assessments of RCMs (Giorgi et al., 2004a; Dequé et al., 2005) . Moreover, HIRHAM model has been able to appropriately reproduce several characteristics of daily precipitation in the study area, such as the number of rainy days, precipitation intensity and frequency of heavy precipitation events (López-Moreno and Beniston, 2009).
Model outputs are given for grid points at the centre of each 50 Â 50 km grid cell. Because spatial resolution does not enable a realistic representation of the climatic variability of the region, the daily altitudinal gradients of simulated temperature, precipitation, and dew point temperature were obtained by linear regression for the 20 grid cells that cover the Pyrenean surface. Whenever the correlation is statistically significant and the slope of the regression between a climatic parameter and altitude is known, it is possible to predict values for different altitudinal planes for each day. In this study, daily climatic values were downscaled for 1500, 2000, 2500, and 3000 m a.s.l by means of the application of daily elevation adjustment rates. As expected, daily linear regressions yielded slopes with marked day-to-day variability. Mean annual gradients (obtained from averaging daily gradients) for simulated temperature and precipitation were À0.61°C/ 100 m and 41 mm/100 m, respectively, similar to the values of À0.63°C/100 m and 46 mm/100 m obtained from observed data (López-Moreno, 2006) . Determination coefficients (r 2 ) of the annual relationships between altitude and simulated mean temperature, precipitation, and dew point temperature were 0.92, 0.57, and 0.81, respectively, being statistically significant (a < 0.01) in all three cases. Atmospheric pressure is adjusted to different altitudinal planes by applying the following barometric correction (Berberan-Santos et al., 1997):
where T air is the observed temperature (K), p obs is the atmospheric pressure (p sfc ) at the grid point altitude, Dz is the altitude difference, c is a mean vertical lapse rate defined as À6.5 K/km, g is gravitational acceleration (9.81 m s
À1
), and R d is the specific gas constant for dry air (287.04 J kg À1 K
). Given a lack of appropriate data and absence of clear altitudinal trends in simulated wind speed, we consider it invariant with altitude.
As GRENBLS employs hourly data as an input and RCMs usually provide outputs on a daily basis, HIRHAM climatic data are disaggregated into hourly series following the procedures and assumptions described below. For temperature data, a cosine function was adjusted to daily maximum and minimum temperature via the following analytical equation (see Jansson and Karlberg, 2004) :
where t represents the time in hour, T a (t) is air temperature, T mean is the mean daily temperature, T amp is the daily amplitude in temperature (T max À T min ), t ph is the phase shift in air temperature (2400 when a diurnal cycle is assumed), and y cycle is the air temperature cycle (24 h). Fig. 2 compares observed hourly data with data converted from daily-to-hourly using Eq. (3), based on information from an automatic weather station located in the Central Pyrenees. The strong agreement between the two series confirms the reliability of the procedure used. Fig. 2 . Comparison of observed hourly data and daily-to-hourly converted data using a cosine function. Hourly information was measured by an automatic weather station located in the Central Pyrenees.
At each grid point, cloudiness (C), wind speed (W s ), and surface pressure (p sfc ) are assumed to change linearly from one day to the next, in an hourly fashion. Surface pressure (p sfc ) is then estimated for different iso-altitude planes via barometric correction (Eq. (2)), using temperature data disaggregated in hourly series with Eq. (3).
Total daily precipitation was divided by 24 and shared equally throughout the day.
For a given moisture content in the atmosphere (specific humidity, q), relative humidity and dew point temperature (T d ) change with air temperature. It is therefore not convenient to linearly disaggregate T d when air temperature shows a well-known daily cycle (simulated in this study with a cosine function, Eq. (3)). Thus, we followed the following steps:
1. T d series were converted into specific humidity from temperature and surface pressure (p sfc ) data by obtaining vapor pressure (e) from Eq. (5). 2. Once calculated vapor pressure specific humidity (q) was derived from Eq. (6). 3. Specific humidity was then disaggregated hourly assuming a linear change from one day to the next. 4. Series of vapor pressure (e) and saturated vapor pressure (e sat , Eq. (4) , ) were estimated hourly using the disaggregated specific humidity (Eq. (6)) and atmospheric surface pressure (p sfc ; Eq.
(2)) that includes temperature disaggregated by using Eq. (3). 5. The hourly dew point temperature series were calculated (Eq.
(8)) using series of relative humidity (from Eq. (7)) and temperature.
The following psychometric equations (Perry and Green, 1997; Shallcross, 1997) 
In order to assess the uncertainty associated to disaggregate hourly from daily data, we used the meteorological record (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) of the Izas weather station. This is one of the few automatic weather stations located in the study area. Hourly data was converted into daily records, and then we applied the disaggregation procedure described in this section. Fig. 3 shows the annual accumulated snow water equivalent (ASWE) and the duration of snowpack (DSP) simulated with the observed and disaggregated hourly data. ASWE and DSP calculated using both kind of data exhibit very similar values, with À1.6 and 18 mm of mean bias error and absolute error for ASWE, and 1.9 days and 5.5 days, respectively, for DSP. Mean absolute error never exceeds 5% of the magnitude of the mean ASWE and MAE for the period 1996-2005, which confirms that disaggregation method is a reliable alternative when hourly data is not available.
Quantification of the impact of climate change on snowpack
GRENBLS is run using hourly T a , T d , P, p sfc , W s and C once disaggregated from daily HIRHAM data and subsequently scaled at different altitudinal planes over a control period and SRES B2 and A2 (2070-2100). Outputs are SWE and snow depth series at hourly intervals at 20 points and at the four different altitudinal levels considered (1500, 2000, 2500 and 3000 m a.s.l.). Thus, results shown in this study are based on a total of 240 model simulations (20 points Â 4 altitudes Â 3 RCM simulations, i.e., one control and two scenarios). The snow series were then simplified into daily series considering the SWE and snow depth simulated at noon. The annual accumulated SWE and duration of snowpack were calculated from simulated series. Accumulated SWE (ASWE) is the sum of every positive change in SWE between consecutive days during a complete snow season, and duration of snowpack (DSP) represents the sum of recorded days in a given year with SWE above 5 mm. The mean values calculated for each grid point at the different iso-altitude planes for SRES B2 and A2 were subtracted from those obtained for control runs, enabling the quantification of the expected change in both parameters across the Pyrenees by the end of the 21st century. Point information was spatially interpolated for each altitudinal plane using splines with tension (Mitasova and Mitas, 1993 ) to obtain distribution maps showing the impact of climate change on ASWE and DSP. Moreover, average daily values over the 30 years of each simulation for the 20 grid points were averaged to obtain annual patterns and several indicators of snow accumulation and melting in the Pyrenees at different altitudes under current and future climate conditions. 
Results
Simulated snowpack for the control period
Assessing the reliability of snow simulated using RCM data is a rather difficult exercise, as there exist only few records of observed snow depth in the study area and none of them corresponds with the control period. Moreover, observed snow depth at a given location is strongly affected by local conditions (aspect, wind drift processes, etc.), whereas data derived from RCMs reflect the mean conditions of a 50 Â 50 km grid cell. To assess the capacity of simulated snowpack with an energy balance model based on HIRHAM data to reproduce Pyrenean snowpack and its spatial distribution, mean daily snow depth recorded at four locations in the 1990s are compared with simulated snow series at the closest grid cells and at the altitudinal plane closest to the location of the observed records (Fig. 4) .
There is a rather good agreement in the overall snow depth and duration between the observed and the simulated snowpack despite some discrepancies on the short term. Thus, differences in simulated snowpack at 1500 and 2000 m a.s.l. are similar to those observed between Casa de Piedra and Respumoso. The simulations also reproduce the eastward decreasing trend in snowpack magnitude (e.g. Estós station: Fig. 4 bottom and right-hand panels); this trend arises from the lower winter precipitation under increasingly Mediterranean-type conditions. Fig. 5 shows the distributed mean ASWE and DSP simulated using HIRHAM data for the Pyrenees at 2000 m a.s.l. for the control period. As the point data were interpolated, uncertainty in the predicted values increases markedly with increasing distance to simulated grid points. Fig. 6 shows the degree of variability among the 20 simulated grid points. Figs. 4 and 5 reveal a marked spatial variability and vertical gradients in both ASWE (max: 559.6 mm; min:
152.3 mm) and DSP (max: 169.2 days; min: 81.7 days). ASWE is larger and snowpack lasts longer on the northern slopes (French Pyrenees) than the south-facing ones. There also exists a trend toward greater and more prolonged accumulation of SWE in areas exposed to Atlantic climatic conditions (westward) compared with areas influenced by Mediterranean conditions (eastward).
The boxplots in Fig. 6 reveal the high sensitivity of snowpack to altitude. On average, ASWE is 121.5 mm at 1500 m a.s.l., three times as much (352.7 mm) at 2000 m, 632.7 at 2500 m, and 908.4 mm at 3000 m. The duration of snowpack shows a marked increase with altitude, ranging from an average of 50.1 days at 1500 m to 263.7 days at 3000 m a.s.l. Large variability in snow accumulation and snowpack duration is observed within individual iso-altitude planes (Fig. 5) .
Projected climate change for the Pyrenees Fig. 7 shows the change projected by the HIRHAM model by the end of the 21st century during the period December-April for some of the most important variables that influence the snow energy balance: temperature, precipitation, dew point temperature, and wind speed (López-Moreno et al., 2008b) . Boxplots in Fig. 8 shows the degree of variability in change in the climatic variables between the 20 simulated grid points from the December-April period. Table 1 shows the monthly mean change in temperature, precipitation, dew point temperature and wind speed obtained by averaging the 20 grid points.
For SRES B2, the projected temperature increase in the study area ranges from 0.9 to 2.3°C (mean change, 1.36°C); under SRES A2, the increase ranges from 2.4 to 4.1°C (mean change, 3.1°C). December and January are predicted to experience the greatest warming under the B2 scenario, whereas a similar warming for all months is projected under SRES A2. Areas close to the main Fig. 8 . Variability in projected change in temperature, precipitation, dewpoint temperature, and wind speed for 20 grid points. divide (Spanish-French border) of the central-eastern Pyrenees are likely to undergo the most intense warming. The projected warming is more moderate with increasing distance to the main divide and reduced distance from the Atlantic Ocean.
On average, precipitation is projected to increase under SRES B2 (+11%) and remain largely stable under SRES A2 (À1.6%); however, these average values mask an important spatial variability: projected changes range from 22% to À2% for B2, and from +14% to À12% for A2. The most severe decrease in precipitation is projected for the southeastern part of the study area; precipitation in the north and northwestern sectors will remain unchanged or increase under both scenarios. Under the B2 scenario, the HIRHAM model predicts mean increases in precipitation of over 10% for December, January, and March; under the SRES A2, precipitation is simulated to increase in December and January, but decrease in February and March. Independently of the amount of precipitation, warmer temperatures will lead to more frequent events of liquid precipitation instead of snowfall with expected impacts on snowpack conditions within the study area.
The spatial distribution of projected changes in dew point temperature appears to be largely homogeneous across the Pyrenees, with generalized average increases of 1.2°and 2.6°C for SRES B2 and A2, respectively. Wind speed under the future climate is projected to be similar to current conditions, with changes that barely exceed 5%.
Projected changes in snowpack by the end of the 21st century Fig. 9 shows the simulated changes in ASWE according to climate change projected by the HIRHAM model under SRES B2 and A2 at different heights. The two contrasting emission scenarios lead to marked differences in simulated reductions of ASWE: the expected decrease under the A2 scenario is at least twice that projected under the B2 scenario. The impact of climate change on ASWE is characterized by strong altitudinal gradients and horizontal spatial variability. Under B2 conditions, ASWE is likely to decrease by an average of 32% at 1500 m a.s.l.; this figure increases to 70% under scenario A2. At 2000 m a.s.l., mean decreases in ASWE of 18% and 46% are simulated for the B2 and A2 scenarios, respectively. Areas above 2500 m a.s.l. are noticeably less affected by climate warming, with average decreases in ASWE of 8% and 22% according to B2 and A2, respectively; for the small areas located above 3000 m, the predicted decreases are again smaller, respectively, 5% and 11%. Fig. 7 shows that warming will be more intense southward, and the maximum decrease in precipitation is projected to occur in the southeastern part of the region. Thus, it is not surprising to find that the impact of climate change on ASWE is greatest in the central and eastern parts of the Spanish Pyrenees, where the accumulation in SWE may decline by up to 90% at 1500 m a.s.l. under the A2 scenario, and up to 50% at 2500 m. Along the highest summits of the axial Pyrenees (above 3000 m), the decrease in SWE is expected to range between 7% and 15%, as snowpack located in the highest sectors close to the Spanish-French border (where peaks of this altitude are located) are expected to be the most exposed to climate change. Fig. 10 is the same as Fig. 9 , but for DSP. As with changes in ASWE, marked differences are found between the SRES B2 and A2 scenarios, and we observe the existence of horizontal variability, major impacts on southeastern areas, and altitudinal gradients. Under SRES B2, the decrease in DSP is expected to range between 44% at 1500 m a.s.l. and 11% at 3000 m. Under higher emissions (A2 scenario), the DSP is predicted to be half that under B2, with mean decreases of 78%, 49%, 23%, and 20% at 1500, 2000, 2500, and 3000 m a.s.l., respectively. Fig. 11 shows the daily average (30 years and 20 points) evolution of snowpack during the control and SRES B2 and A2 scenarios. The snow curves show a general pattern of snow accumulation and melting during the year at the four considered altitudes. Because they represent the averages of a 30 year period and 20 points, the data show a smoother evolution than the typically irregular annual snowpack evolution observed at a given location. The figure highlights the dramatic decrease in snowpack simulated for the projected climate change likely to occur in coming decades. During the control period at 1500 m a.s.l., a thin but constant snowpack lasted from the beginning of December to the beginning of April; simulations for the future indicate that at this altitude snow will practically disappear under both climate change scenarios. At 2000 m a.s.l., a constant snowpack seems to remain during the winter months, with the possible existence of snowpack over the ground from mid-November to mid-May; however, it is noticeable thinner than that during the control period, and the simulated DSP falls from 218 days during the control period to 182 and 145 days for SRES B2 and A2, respectively. In addition, snowmelt will generally begin at the beginning of February, approximately 1 month earlier than currently. At 2500 m a.s.l., the impacts of climate change on the general pattern of Pyrenean snowpack are reduced compared with those at lower altitudes, especially under B2 conditions. Under the A2 scenario, although the snowpack shows a clear evolution, it is affected by shifting climatic conditions. The DSP is reduced in 52 days, and the dominance of melting conditions may occur more than 1 month in advance of that of the present time. At 3000 m a.s.l., snowpack will remain in the future; however, the possibility of a perennial snow cover during the most favorable time of the year disappears under a greenhouse climate, and melting will occur 1 month in advance of that under current climatic conditions. Discussion SWE simulated by RCM-GCM has been used previously to analyze expected changes in snowpack over the coming decades at a very large scale (Räisanen, 2008) ; in other cases, data provided by RCM were successfully used as inputs for a multi-layer snow model, as used to estimate snow conditions in Finland at the end of the 21st century (Rasmus et al., 2004) . In the present study, climatic variables from a RCM were adjusted to different altitudes to obtain reliable estimates of snow evolution in an area with complex climatic influences and heterogeneous topography. Aside from the expected biases and the inherent uncertainty resulting from the nature of the data used for validation, the scaling of data to altitudinal levels and the hourly disaggregation procedures, snowpack simulated using HIRHAM data adequately reflects changes in snowpack characteristics over the territory. Availability of RCM outputs at an hourly basis would noticeably simplify the methodological approach used in this study, as disaggregation to hourly would not be necessary. However, temporal resolution of most of the open source RCMs databases provide data at daily basis as maximum, and this work has demonstrated the reliability of snowpack information obtained after disaggregation procedure. Moreover, it is necessary to take into account that this study focused on computed changes, or ''deltas"; this reduces the degree of potential uncertainty related to the quality of RCM outputs, as ''deltas" are less sensitive to model errors (López-Moreno et al., 2008a) .
This result suggests optimism regarding analyses of the impacts of climate change on various mountain sectors for which a lack of available meteorological records restricts the use of more common approaches, generally those based on a comparison of observed records with disturbed records according to delta factors. This latter procedure has been applied in analyzing the potential effects of climate change on snowpack in the Alps , Pyrenees (López-Moreno et al., 2008b) , and Scandinavia (Mellander et al., 2007) .
The lack of historical snow data is a common problem for many mountainous areas. Using downscaled information from RCMs, it is not essential to compare output data with observational records; however, the availability of some observed snow and climate data is highly recommended to select the best model for simulating the climate of a given region, and to address the uncertainties related to climate simulations and snow modeling. Thus, for the Pyrenees, a previous analysis based on observations indicated that the HIR-HAM model provides a reasonably good representation of climate in the area, with biases of less than 1°C for temperature and 20% for precipitation (López-Moreno et al., 2008a) .
In a previous investigation (López-Moreno et al., 2008b) , the capability of GRENBLS in simulating snowpack from climate data of a single station (Izas station, 2060 m a.s.l.) was evaluated with success, and observations disturbed using delta factors enabled estimates of the following snow changes: maximum SWE will decrease by 50-60% and the duration of snowpack will decrease by around 2 months under the A2 scenario. These values are fully consistent with the changes obtained in the present study at 2000 m a.s.l. for the Spanish central Pyrenees. In the earlier study, nine different RCMs were tested, confirming that inter-model results shown relatively low variability and suggesting that model selection has only a limited effect on the obtained results.
The distributed approach followed in this study enables to conclude that changes in climate and snowpack at the end of the 21st century will be spatially heterogeneous throughout the study area. The present results highlight the complexity of mountainous areas in assessing spatial variability in the impact of climate change on climatic patterns, as documented previously in other mountain areas such as the Alps (Frei et al., 2006) . The climate projections obtained for upcoming decades in the studied region are similar to those of previous studies that considered wider geographical areas, in particular Southwest Europe and the Western Mediterranean basin (Giorgi et al., 2004b; Gao et al., 2006; Nogués-Bravo et al., 2008) ; however, the scale employed in the present study enabled a detailed description of the spatial distribution of the predicted impacts, which may show marked changes over short distances.
In general, lower precipitation and warmer temperatures are expected for the central and southern (Spanish) side of the Pyrenees; thus, these are the sectors for which large decreases in snow accumulation and duration of snowpack are expected. The most pronounced impacts are predicted for the sector in the Pyrenees already most severely affected by water deficit. Here, snow plays an important role in releasing high and regular spring river flows to the main tributaries of the Ebro River, and climate change poses a serious threat to water management in the Ebro Valley (López-Moreno and García-Ruiz, 2004 ).
The HIRHAM model predicts that the main changes in snowpack are caused more by warmer temperatures than precipitation changes. It also explains the outstanding importance of altitudinal gradients in the simulated impacts of projected climate change on snowpack. Such vertical patterns have been detected in other mountainous sectors such as the Alps (Breiling and Charamza, 1999; Beniston et al., 2003) , Scotland (Trivedi et al., 2007) , and the Tarim Basin, China (Changchun et al., 2008) . Summit areas appear little affected by climate change because temperature is largely below 0°C for most of the year; however, most of the snow covered surface in the Pyrenees lies below 2500 m a.s.l., where a sharp decrease in thickness and duration of snowpack is expected. The simulations warn that the present-day continuous winter snow cover at 1500 m a.s.l. will become occasional; this may have important economic consequences, as most ski areas in the Pyrenees are located between 1500 and 2000 m a.s.l.
This work adds to the body of research that highlights the vulnerability of the ecology, hydrology, and economy of mountain systems and their surrounding areas to climate change; however, the magnitude of the impacts on snowpack may be reduced by half if a medium-low emission scenario is considered (B2) rather than maintaining the currently-increasing trends of gas concentration in the atmosphere that are likely to become consistent in time with the A2 scenario. This result is in line with other comparisons of the impacts predicted by different SRES (Maurer, 2007) , highlighting the outstanding importance of the decisions to be made in the coming decades in terms of minimizing the impacts of climate change.
Conclusions
The Pyrenean snow accumulation and duration have been simulated with a surface energy balance model including an explicit snow module driving by hourly input data derived from daily outputs of the HIRHAM RCM. Daily data of twenty grid points of 50 km 2 was scaled to four representative elevation bands -1500 m, 2000 m, 2500 m and 3000 m, and disaggregated into hourly-time step. This procedure enabled to simulate accumulated snow water equivalent (ASWE) and duration of the snowpack (DSP) at different altitudes for the control period and the two greenhouse gas emission scenarios (A2 and B2, 2070-2100). The main conclusions derived from the analysis conducted in this study are as follows:
-Despite of the existence of biases related with RCM simulations, dissagregation of daily into hourly data, and scaling the punctual data in different altitudinal levels, a realistic representation of a snowpack series for the control period can be obtained by downscaling data from Regional Climate Models, the HIRHAM model in this case. -Snowpack in the Pyrenees will be strongly affected by projected climate change in the region, with a marked decrease in ASWE and duration of snowpack; however, it is also necessary to consider the following points. Different greenhouse gas emission scenarios (SRES) lead to marked differences in the severity of expected changes in snowpack, being at least twice as pronounced under the A2 scenario compared with B2. Noticeable spatial differences in the magnitude of simulated changes in snowpack are detected. Snowpack in the central and eastern areas of the Spanish Pyrenees is clearly the most strongly affected by climate change. The impact of climate change on snowpack is highly sensitive to the altitudinal gradient. The decrease in ASWE at 3000 m a.s.l. is just 25% of that simulated at 1500 m. In the latest sectors under SRES A2 and B2, ASWE is predicted to decrease by up to 78% and 44%, respectively, and DSP by 70% and 32%.
